The toxicity of lead (Pb) is of concern to public health due to its persistence in the environment. Brain is one of the major target organs where severe neurologic alterations may be triggered after exposure. The primary effects of lead on brain functions are thought to be a damage to the nervous system microvasculature. However, the mechanism of this toxicity is poorly understood. Nitric oxide synthase (NOS) may be a target for lead and changes in its function can result in a cascade of pathophysiological effects that may be observed in isolated capillaries and synaptosomes. We have determined the concentration of lead in blood, capillaries and synaptosomes in brain from mice receiving 0, 250, 500, and 1000 ppm of lead for 14 days, through the drinking water. NOS activity was determined in the capillaries and synaptosomes by following the conversion of 3 H-L-arginine to 3 H-L-citrulline. The results show that blood lead levels were dose-dependent. Brain capillaries showed a preferential accumulation of lead as compared to synaptosomes. With all Pb treatments, synaptosomal constitutive NOS was inhibited (about 50% of control) while the inducible NOS activity in capillaries was enhanced. These data suggest that inhibition of cNOS activity and increase in iNOS may contribute to the Pb effects on the CNS.
Lead is a common element in the earth's crust; its ubiquitous presence in bioavailable forms in the environment is due largely to human activities (Needleman, 1992) . Lead is used in metalworking and in ceramics manufacture in Mexico and other countries (Rojas-Lopez, 1994) and thus continues to be of concern to public health. Exposure to environmental lead may affect numerous organ systems, of particular importance, the central nervous system (Goyer, 1993; Muñoz et al., 1993) . One possible mechanism of lead neurotoxicity may be the interference with nitric oxide (NO) production, as it has been shown in vitro (Tian and Laurence, 1995) . Nitric oxide is a highly unstable compound acting as a messenger molecule in endothelial cells (Moncada et al., 1989) and neurons (Snyder, 1992) . NO is the main product of the reaction, catalyzed by nitric oxide synthase (NOS) , that converts L-arginine to Lcitrulline (Moncada et al., 1991) . NOS activity requires nicotinamide adenine dinucleotide phosphate (NADPH) as an electron donor. NOS contains enzyme-bound FAD, FMN, and protoporphyrin IX heme (Pufahl and Marletta, 1993) . Several isoforms of NOS exist (Forstermann et al., 1991) and they tend to fall into one of two classes. The type I NOS is Ca 2ϩ and calmodulin-dependent and produces NO constitutively (cNOS), while the type II is Ca-independent and cytokineinducible (iNOS) (Bredt and Snyder, 1990) .
Constitutive forms of NOS (cNOS) are found in the endothelial cells of the blood-brain barrier where they help to control vessel dilation (Moncada et al., 1991) as well as in discrete neuronal cell populations in the brain where it regulates the neurotransmission of glutamate (Bredt and Snyder, 1992 ) among other neurotransmitters. It appears that NO is involved in learning and memory (Chapman et al., 1991) , long-term potentiation and apoptosis (O'Dell et al., 1991) , among other functions (Moncada et al., 1991) . Thus, the interference with NO production might be one of the subcellular mechanisms explaining neurotoxicity mediated by environmental pollution. In the case of Pb 2ϩ , its chemical similarity with Ca 2ϩ is an important factor to consider for interaction with NO-dependent processes. Because NO is a potent vasodilator, it is one of the primary regulators for blood vessel tone (Moncada, 1991) . Our work supports the possibility that blockade of NO generation by Pb could account for central nervous system dysfunction. In the present study, we showed that low concentrations of lead are capable of altering NOS activity in synaptosomes and capillaries.
cages under controlled conditions, and they were fed with pellet diet (Purina chow) and water ad libitum. Distilled drinking water was given to all animals one week before lead exposure. Animals were allocated randomly into one of the following groups: (A) control group which received sodium acetate for 14 days; lead treatment groups administered with lead acetate in the drinking water for a period of 14 days at concentrations of (B) 250, (C) 500, and (D) 1000 ppm. After treatment, the animals were anesthetized with ether, blood was collected for lead analysis by cardiac puncture into EDTA lead-free tubes, and then animals were perfused transcardially with cold lead-free saline solution for exactly 3 min. Brains were rapidly removed, washed and kept on ice for the rapid dissection of the brain in order to isolate the brain capillaries and synaptosomal fractions.
All materials used during the isolation procedure and all vials used for sample storage were rendered lead-free by immersion in 3% HNO 3 for several h, followed by extensive rinsing with deionized H 2 O.
Isolation of capillaries. Brain capillaries were isolated based on the techniques of Goldstein et al. (1975) and Mrsulja et al., (1976) with minor modifications. Brain tissue was homogenized in 20 volumes of ice-cold Ringer's solution containing HEPES (10 nM) at pH 7.4 in a teflon glass homogenizer. The homogenate was centrifuged at 1500 ϫ g in a Beckman centrifuge (model J-21C) for 15 min; the supernatant was separated for the isolation of synaptosomes. The pellet was resuspended in Ringer's solution and again centrifuged. The last pellet was resuspended in 10 ml of cold 0.25 M sucrose and layered over 8 ml of 1 M sucrose and 10 ml of 1.3 M sucrose and centrifuged at 55,000 ϫ g using an OTD 55B Sorvall ultracentrifuge for 35 min. The pellets were resuspended in 1 mL of deionized H 2 O.
Isolation of synaptosomes. Synaptosomes were isolated using the abovedescribed supernatant and centrifuged at 10,000 ϫ g in a Beckman centrifuge (model J-21C) for 20 min. The pellets were resuspended in 1 mL of deionized H 2 O.
Analysis of lead in blood and brain fractions.
Lead in blood and brain fractions were analyzed by graphite furnace atomic absorption spectrophotometer, according to methods previously reported (Hernandez-Avila et al., 1991) . Two hundred l of blood or resuspended brain fraction were added to 800 l of 30% suprapur HNO 3 and 400 l suprapur HNO 3 , respectively, the blood samples were centrifuged at 15 rpm for 15 min, and the brain fractions were incubated in a water bath at 60°for 2 h. After those periods, 20 l of dissolved samples were injected into the atomic absorption spectrophotometer (Perkin Elmer model 3110) with graphite furnace (HGA-600) and autosampler AJS-60 (Perkin Elmer, Norwalk, CT).
Protein analysis. Proteins were assayed in the samples of capillaries and synaptosomes according to Bradford (1976) using bovine serum albumin as a standard. (Bredt and Snyder, 1990; Perez-Severiano et al., 1998) . Capillaries and synaptosomes were added over ice, in 250 l of the following buffer and protease-inhibitor solution: 50 mM Tris-HCL (pH 7.5), 0.1 mM EDTA, 0.1 mM EGTA, 0.1% 2-mercaptoethanol, 1 mM leupeptin, 1 mM phenylmethylsulphonyl fluoride (PMSF), 2 mg/l aprotinin, 10 mg/l soya bean tripsin inhibitor (SBTI), and 40% v/v Noninet P-40. A volume of homogenate containing 250 g of protein was incubated in the presence of 10 mM L-arginine-HCL, 0.2 mCi[
Measurement of NOS activity. NO synthase activity was assayed by measuring the conversion of
3 H]arg, 1 mM NADPH, 30 mM tetrahydrobiopeterin, 10 mM calmodulin, and 2.5 mM CaCl 2 . The reaction volume was made up to 100 l by adding buffer and incubated for 30 min at 37°C. The reaction was stopped by the addition of 1 ml of stop buffer (EGTA 2 mM, EDTA 2 Mm, and HEPES 20 mM; pH 5.5). The reaction mixture was then applied onto a 1-ml column of Dowex resin (50 W, Na ϩ form) previously equilibrated with stop buffer. The [ 3 H]-L-citrulline of the column was eluted with 2 ml of water and quantified by liquid scintillation in a Beckman LS6500 scintillation counter. To test calcium-dependency of NOS activity, enzyme activity was assessed in either the presence (2.5) or the absence of calcium (CaCl 2 ) in the incubation medium and EGTA was added to chelate Ca 2ϩ to block constitutive NOS. The use of the Ca2ϩ was only to make evident any effect of lead on iNOS. Results were expressed as ng L-citrulline/mg protein/30 min.
Statistical analysis. Data were statistically assessed using one-way analysis of variance, followed by Tukey's test for multiple comparison. Values of p Ͻ 0.05 were considered as statistically significant.
RESULTS
The blood lead levels were markedly raised in a dosedependent manner in mice treated with 250, 500, and 1000 ppm of lead when compared to control values (Fig.1) . These blood lead levels were similar to those we obtained in previous experiments (Claudio, 1997) . Figure 2a shows the concentration of lead in brain capillaries of mice among the treatment groups. Lead concentration in capillaries was 7 times greater in the 250-ppm group than in control, while with 500-ppm lead levels were 15 times the control values. In the case of the 1000-ppm lead-treated group, animals showed a 20-fold increase of lead in brain capillaries over control animals.
In order to evaluate the lead content accumulated in the nerve terminals, we measured the concentrations of lead in synaptosomes. In the 250-and 500-ppm groups, lead concentrations were raised by 1.5-and 2-fold over the control values, respectively, while 6 times over controls in the 1000-ppm group (Fig. 2b) . Note that lead concentrations in capillaries were higher than concentrations in synaptosomes in all treatments.
In order to assess whether NOS activity is decreased because of lead exposure, we measured that activity after lead treat-
FIG. 1.
Blood lead levels of mice exposed to variable doses of lead acetate in the drinking water for 14 days. All treatments showed a statistically significant difference between exposure groups and control values. Each bar represents the mean Ϯ SEM of 6 experiments. Statistically different from control; **p Ͻ 0.05, ANOVA followed by Tukey's test.
ments. Basal NOS activity in capillaries of control mice was 41.1 Ϯ 5.4 ng L-citrulline/mg protein/30 min. NOS activity in capillaries decreased only slightly after treatment with 250, 500, and 1000 ppm of lead; however, these reductions were not statistically significant when compared to control values (Fig.  3a) . In order to determine the calcium dependency of NOS activity in brain capillaries, we measured NOS activity in the absence of Ca 2ϩ . Figure 3b shows the calcium-independent NOS activity in brain capillaries. In contrast to the previous finding, calcium-independent NOS activity was increased after treatment of mice with lead. Comparing the results from Tables  3a and 3b , it could be concluded that while lead is increasing capillary iNOS, it is probably inhibiting capillary cNOS (the difference between values of NOS activity in Fig. 3a and values of iNOS in Fig. 3b) .
The activity of NOS was 55 Ϯ 4 in synaptosomes of control mice. Treatment with lead reduced synaptosomal NOS activity by approximately 50% in all groups, regardless of lead dose (Fig. 3c) . This reduction in NOS activity did not decrease in a dose-dependent fashion. Calcium-independent NOS activity in synaptosomes was reduced to blank values (data not shown), showing that NOS activity in this fraction is fully dependent on calcium.
DISCUSSION
Data indicate that lead is highly concentrated in brain capillaries after treatment with 250, 500, and 1000 ppm of lead acetate, while accumulation in synaptosomes was modest at the same levels of lead exposure. Our data are consistent with previous studies showing marked accumulation of lead in brain capillaries (Goldstein et al., 1974; Silbergeld, 1980) .
As clearly observed in Figure 3b , there was not a statistically significant difference in iNOS activity in the 3 Pb-treated groups; thus, it is not an inverse dose-response curve, but a plateau of effect of lead. It is difficult in a 15-day experiment to achieve an accurate dose-response; because of the many variations in lead ingestion during the period; this is probably the explanation for the lack of dose-response in NOS activity. A different case is seen in lead/blood content, which reflects the recent intake of the metal.
Interference with NO production might be one of the main subcellular mechanisms of lead toxicity. The precise mechanism whereby lead may affect NOS activity is not clear, but it has been shown that Pb is capable of displacing Ca 2ϩ from various Ca-binding proteins such as calmodulin (Haberman et al., 1983) .
Mittal and coworkers have shown that brain cytosolic preparations preincubated with lead, cadmium, or mercury produced significant inhibition of NOS (Mittal et al., 1995) . They suggested that while calcium modulates cNOS activity, inhibitory influence of toxic heavy metals might be exerted on the catalytic site by direct binding or by interference with electron transfer during catalysis. In this work, we also found that lead caused cNOS inhibition in synaptosomes and perhaps capillaries, suggesting the possibility that brain neuronal NOS is sensitive to Pb 2ϩ . Interestingly, calcium-independent activity in capillaries was increased in response to lead.
A possible explanation for our observations is that braincapillary cNOS activity is inhibited by Pb 2ϩ competition with Ca 2ϩ , while iNOS expression is increased by exposure to lead. On the other hand, neuronal NOS (cNOS) is only inhibited by Pb 2ϩ .
The differences in effects of Pb on capillaries and synapto- somes is due to the kind of NOS enzyme present in each fraction. Synaptosomes express only cNOS while capillaries express both cNOS and iNOS. These proteins are regulated by quite different mechanisms.
Data presented here are in agreement with those of Blazka et al. (1994) . They also reported that low concentrations of lead are capable of altering the level of NO produced by brain endothelial cells in culture, through its actions on cNOS. Little is known about the processes controlling endothelial iNOS; however, it appears that the presence of high concentrations of Pb produce an enhanced iNOS activity. It is possible that isolated capillaries could present both inhibitory and stimulatory effects in response to the presence of Pb 2ϩ , and that the summation of those effects resulted in the observed slight inhibition of NOS.
There are numerous reports (for a review, see Cory-Slechta, 1995) showing that lead exposure produces learning impairment in rodents. This effect could be related to a specific inhibition of neuronal NOS, as the activity of the enzyme is essential for hippocampal long-term potentiation, a process frequently associated with learning in rodents (Xu et al., 1998) . Thus, our data are important for showing how lead may affect the learning and memory process. In the case of the iNOS increase observed in brain capillaries as a result of lead exposure, it is important to remark that this particular NOS activity has been related to cell toxicity, as it is enhanced in inflammatory deleterious processes (Kroncke et al., 1997) .
